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Abstract
The detectionof T wave alternans(TWA) in surface

ECGsignalshasbeenrecognizedasa marker of electrical
instability, and is hypothesizedto be relatedwith patients
at increasedrisk for ventriculararrhytmias. In this paper
we presenta evaluation studyof a methodfor detecting
ST-T complex alternansbasedon theComplex Demodula-
tion approach (CD), andtheapplicationof thedetectorto
theEuropeanST-T Database. To studytheperformanceof
thisdetector, a simulatedECGsignalwasobtainedadding
controlled alternansto a databaseof young, healthysub-
jectsECGs. In this way, the ECG signal containednoise
andnon-alternansST-T variability comingfromreal recor-
dings.Thedetectorappliedto theEuropeanST-T Database
(where ischemic ST and T episodeswere manually an-
notatedby physicians),detected148 TWA episodes,from
which 82 (55.4 %) overlappedwith ischemic episodes,
while in 12.0%of theannotatedischemicepisodes,a TWA
wasdetected.A significantcorrelationbetweenSTeleva-
tion andtheexistenceandmagnitudeof TWA wasfound.

1 Introduction

Suddencardiacdeath(SCD)is theleadingcauseof car-
diovascularmortality in thedevelopedcountries[1]. There
is not an effective diagnosticmethodto identify patients
at high risk for SCD.All the thenon-invasive testsrelated
to high-riskSCD(ventriculararrythmiasin 24-hourHolter
monitoring, ventricularlate potentials,low heartrate va-
riability, dispersionof repolarization...)lack thesufficient
positivepredictivity to makeadecisionaboutspecifictreat-
ment,especiallydefibrillator implantation.Nowadays,the
challengeis to developnew selectivenon-invasivemethods
whichwill allow theidentificationof high-riskpatientsbe-
fore they experiencemajorarrythmicevents.

ElectricalT-wave alternans(TWA) is definedasa con-
sistentfluctuationin the repolarizationmorphologywhich
repeatson every-other-beatbasis. TWA have beendocu-
mentedin a wide rangeof experimentalandclinical situa-
tions,suchaslongQT syndrome,myocardialischemiaand
infarction, coronaryartery occlusion,Printzmetalangina
andseveralotherpathologicconditions.

AlthoughvisibleTWA is aninfrequentphenomenon,in
recentyears,computerizedanalysisof digital ECG recor-
dingsallowed the identificationof subtleandnon-visible
(microvolt) TWA, muchmorecommonthanvisibleTWA.

Several methodsfor TWA detectionhave been pro-
posed.All of themarebasedonthewell-knownproblemof
spectralestimation.Thespectralmethod[2] usedtheFFT
to analyzethe frequency component0.5 cycles/beatsover
thealignedST-T complexes. This methodassumesstatio-
narity of TWA episodesandyields anaveragemeasureof
T-wave alternansover the analysiswindow. The TWA is
consideredas“present”or “not present”.

In thecomplex demodulationapproach(CD) [3] TWA is
modeledasasinewaveat0.5cycles/beat,with varyingam-
plitudeandphase.ThealignedST-T complexesaredemo-
dulatedandlow-passfiltered to obtaina continuousbeat-
to-beatalternansmeasurement.

Morerecentlyseveralglobalmethodshavebeenapplied
thatconsidertherepolarizationasawhole,insteadof using
a independentanalysisfor eachsampleof the ST-T com-
plex, basedon Karhunen-Loève transform[4] andon the
correlationwith amedianbeat[5].

In apreviouswork [6] wecomparedtheperformanceof
all thesemethodswith signalscomposedof arepeatedbeat
plus noiseandsimulatedTWA episodes.We studiedthe
sensibility, positive predictivity and accuracy of the esti-
matedamplitude,andconcludedthatfiltering methodslike
Complex DemodulationandCaponhigh-passfiltering ob-
tainedthebestresults.As CD methodwascomputationally
lesscomplex, we selectedit for thepresentwork.

Theaim of this paperis twofold: to analyzetheperfor-
manceof a TWA detectoron actualECG recordings,and
to studythe relationshipbetweenischemiaandTWA, ap-
plying thedetectorto theEuropeanST-T Database.

2 Materials and methods
2.1 TWA detection method

The proposedmethod is basedon the CD approach
[3]. Themethodhasthreedifferentblocks:preprocessing,
spectralestimationandthresholding.



First of all, QRSdetectionis needed.“Aristotle” soft-
ware[7] wasusedfor this purpose.Then,baselinewander
wasestimatedandsuppressedby meansof cubicsplinein-
terpolation.Frequency componentsabovethoseassociated
with the repolarizationwereattenuatedusinga 20th-order
equiripplelinear phaseFIR low-passfilter with transition
bandbetween15and30 Hz.

Finally, the ST-T complexesweresegmentedby selec-
ting intervalsof 300ms,beginningatavariabledistance
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from theQRSfiducial point dependenton theRR interval.
For thek-th beat� �������
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FromthealignedST-T complexesamatrix � canbede-
rived, wherethe element �! "$#&%(' is the % -th sampleof the
ST-T complex of the " -th beat.Therowsof � arethecom-
plexesandthecolumnsof � aretime serieswherebeat-to-
beatchangesin repolarizationcanbefound.

Oncethematrix � is built, the aim of thedetectoris to
quantifythepower spectrumof thesignalat thefrequency
of alternation)+* �,�- .

cycles/beat.Eachcolumnof � is
demodulatedso that the frequency componentsaround )+*
aremovedto low frequencies:/  "0#&%1' � �! "$#&%('-24352�687:9 �<; 2=3?>@) * 24"A� (2)

andthenthecolumnsof thenew matrix / arelow-passfil-
teredto getonly thealternationcomponentsB  "$#&%(' � /  "$#&%('?C5DFE?G� "H' �JILK /  �M#&%('-2=DNE?G� "POM�Q' (3)

where DFRAST "H' is the impulseresponseof the low-passfil-
ter. Therows of the matrix B arethealternanswaveforms
detectedby the CD method. To quantify them, two time
serieswerecreated

U�V KTWXZY\[  "H' � ]^^_ �` R$a �I Ycbed B �  "$#�%1' (4)

U K XZfXZY\[  "H' � gih 7 �&j B  "$#�%1' j � (5)

which arerespectively, the RMS andthe maximumvalue
of the TWA amplitudealong the k-th ST-T complex. In
our implementation,we have madeuseof a high-passfil-
ter with impulseresponseDNk$G� "H' � DFE?G� "H'l2�6�7:9 �<; >@"A� ,
because,asit canbeeasilyshown, if )�* �m�- .

cycles/beat,j B  "0#&%1' j � j �! "$#�%1'+C5D k$G  "H' j . Thefilter weusedwasa11th-
orderKaiserwindow FIR filter ( n �o�Ap.

) with half-power
cutoff frequency equalto 1/40cycles/beat.

As the columnsof the matrix � are linearly filtered,
specialcaremustbe taken to identify andsuppressbeats
with differentmorphologyandvery noisy beats,because
their energy would be spreadby the filtering causingdis-
tortion in TWA amplitudeseriesand possiblygenerating

falsepositive episodes.To avoid this, 4 kindsof beatsare
markedandreplacedby a linear interpolationbetweenthe
previous and later non-marked beats: (a) beatsnot anno-
tatedasnormalby the QRSdetectionsoftware, (b) beats
with RRchanges,(c) beatswith asubstantialchangein the
baselineand(d) beatswith low estimatedSNR.

Theoutputsof theCD methodarebeat-to-beatseriesof
voltages.To definethe onsetandoffsetof TWA episodes
a final stagebasedon an adaptive amplitude threshold
combinedwith a time duration thresholdwas appliedtoU V KTWXZY\[  "H' . Theamplitudethresholdaccountsfor slow drift
changesin TWA amplitudeestimationby applyingan ex-
ponentialaveragerthat definesthe baselinefor the TWA
amplitudeseries.Thebaselineis estimatedadaptively only
from thosebeatsconsideredasnon-alternansby thedetec-
tion algorithm.

2.2 Simulation study

In actualECGrecordings,theexactvalueandtiming of
the TWA episodesareunknown. Thus,we proposea si-
mulationstudyto evaluatetheTWA detectorperformance.
In [6] thesimulatedalternansECGsignalwassynthesized
asa repetitive beatto which differentkinds of noiseand
alternansepisodeswereadded.

In order to take into accountthe ST-T complex non-
alternansvariationsnormally observed in real recordings,
we made use of ECG recordingsfrom young, healthy
subjects(which wereassumednot to presentsignificative
TWA), to whichalternansepisodeswereadded.

Twenty-threerecordingsfrom the Politecnicodi Mi-
lano’s database[8] wereusedin the simulation(sampled
at 500Hz, 5 q V/ADU). Eachof themis about30 minutes
long andcontainsthreeorthogonalleads(X, Y andZ). In
every recording,20 alternansepisodeswereaddedto each
lead. The episodeshada triangular-shapedevolution and
a durationof 31 beats,while the TWA waveform added
to eachST-T complex wasa Hanningwindow, asshown
in Figure 1. Finally, the TWA detectorwasapplied,and
the detectedepisodeswere comparedwith the simulated
ones.Thesimulationwasrepeatedfor differentRMS am-
plitudesat thepeakof theTWA episodes,rangingfrom 25
to 300 q V.
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Figure1: SimulatedTWA episodesandwaveforms.



To quantify the detectorperformancemeasurements,
simulatedand detectedTWA episodesare compared,in
termsof sensitivity r , definedasthe numberof correctly
detectedepisodesdividedby thetotalnumberof simulated
episodesand the positive predictivity s 	 , calculatedas
the numberof detectedepisodesthat matchedsimulated
episodesdividedby thetotalnumberof detections.To con-
sider matchingbetweentwo episodes(simulatedand de-
tected)it is requiredthatoneepisodecontainsat leasthalf
of thedurationof theother.

2.3 The European ST-T Database

The EuropeanST-T database[9] consistsof 90 ECG
recordings,eachof two hoursof duration,extractedfrom
Holter tapes(2-lead ECGs) that contain ST-T complex
episodesannotatedon an individual leadbasisby cardio-
logists. This databasewaschosenby two reasons:firstly,
previousstudiesfoundT-wavealternansepisodes[4], some
of themrelatedto annotatedischemicepisodes.Secondly,
thisdatabaseis well-knownandavailableby many research
groups.Theaim of thestudywasto know betterthe rela-
tionshipbetweenTWA andischemia.

3 Results
3.1 Simulation results

In Table 1 we presentthe Sensibility (S) and Positive
Predictivity (P+) of the detectorappliedto all the simu-
lated ECG fragments(1380 episodes). Different ampli-
tudethresholdvalueswereconsidered,showing that15 q V
above the baselineestimatedamplitudewasa reasonable
option for this case.As for the temporalthreshold,a mi-
nimumdurationof 15 beatswasdemandedfor anepisode
to beconsidered,to avoid spreadspuriousbeatsbeingcon-
sideredasalternansepisodes.As thesignalof leadY pre-
sentedgeneralizedepisodesof motion artifactsin mostof
the recordingsof the database,we show also in the table
theSandP+ over leadsX andZ (excludingleadY).

Table1: SandP+ valuesfor differentTWA amplitudes.

All leads LeadsX, Z
TWA amp. S (%) P+ (%) S (%) P+ (%)

25 q V 61.3 88.8 82.2 98.1
50 q V 84.9 91.7 99.0 98.3
100 q V 93.3 92.5 99.7 97.8
150 q V 95.9 92.4 99.7 97.8
200 q V 97.3 92.2 99.7 97.8
300 q V 97.8 92.8 99.8 97.7

Resultsin Table1 indicatethat with the CD approach,
T wavealternansabove50 q V canbemostlydetectedin all

Holter leads(X,Y,Z), andacceptableresultsareobtainedat
cleanerleadsfor TWA amplitudet 25 q U .

3.2 Results on the European ST-T Database

Applying theTWA detectorto theentireST-T database,
the relationshipbetweenTWA andischemicepisodescan
beanalyzed.If wedefine:u I : Total numberof ischemicepisodesat the database

(T andSTepisodesarecombinedwith a logical OR).u A: Totalnumberof TWA episodesat thedatabase.uwv
x : Numberof TWA episodesoverlappingischemic
episodes.uwy8z : Numberof ischemicepisodesoverlappingTWA
episodes.

Notethat v x is not necessarilyequalto y z , becauseof the
possibilitythatthereisnotaone-to-onecorrespondencebe-
tweenTWA andischemicepisodes(e.g.two TWA episodes
canbe detectedwithin an ischemicepisode).Resultsare
shown in Table2 for episodesaswell asfor thenumberof
beatsbelongingto eachof thesecategories.

Table 2: RelationshipbetweendetectedTWA and anno-
tatedischemiain ST-T Database.

I A v
x?{Zv y8z�{+y
Episodes 392 148 55.4% 12.0%

Beats 218814 7317 59.5% 2.0%

Wefoundthat55.4%of the148detectedTWA episodes
wereassociatedwith ischemiawhereasa TWA wasfound
within a 12 % of theischemicepisodes.In thesametable,
thenumberof beatsbelongingto thesecategoriesarealso
given. As it canbeseen,above 50%of theTWA episodes
or beatswerefoundduringischemicevents.Moreover, the
fact thatoverlappingbeatsareonly 2% of ischemicbeats,
while 12% of the ischemicepisodesdo overlap,indicates
thatTWA episodesareshorterthanischemicones.

We classifiedthe detectedTWA in two groups: those
associatedand not associatedto an annotatedischemia
in the samelead ( v
x and v x ). Along eachepisode,we
calculatedthe RMS value of the TWA amplitudeseriesU K XZfXZY\[  "H' . The value of this parameterin the first group
was91.1| 8.9 q V (mean| S.E.M.), while for alternansnot
associatedwith ischemia,theRMS of

U K XZfX}Y\[  "H' wassigni-
ficantly lower: 71.3| 3.4 q V (p = 0.04).Similarly, thema-
ximum ST deviation of ischemicepisodesassociatedwith
TWA was355.1| 32.3 q V, andthatof thosenot associated
with TWA was 199.3| 9.3 q V (p = 2 2 10a$~ ). Therefore,
ischemiceventswith TWA showedsignificantlylargerST
deviations.



In Figure 2, maximum TWA amplitudesare plotted
against the maximum ST deviation for all overlapping
episodes( y8z ). A linearregressionanalysisyieldedacorre-
lation coefficient � ���A �A�

, showing a tendency for higher
alternansto beassociatedto moresevereischemia.

0 100 200 300 400 500 600 700 800 900 1000 1100
0

50

100

150

200

250

300

350

400

450

r = 0.91

Maximum ST Deviation per episode (µV)

M
ax

im
um

 T
W

A
 a

m
pl

itu
de

 p
er

 e
pi

so
de

 (µ
V

)

Scatterplot for overlapping TWA and ischemic episodes

Figure2: Scatterplotof TWA maximumamplitudesvsma-
ximumSTdeviationin ischemicepisodesoverlappingTWA.

Finally an exampleis given in Figure3 wherewe can
observe that 6 out of 7 ischemicepisodeshave a TWA
episodeinsidethem.In thisrecord,all TWA episodesover-
lap with longer ischemicevents. This behaviour agrees
with results in Table 2. Moreover, most of the TWA
episodesoccurat themaximumST deviation.
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Figure 3: Top: Exampleof �����T��}�\��� ��� series for record
e0105,showingtheannotatedischemicepisodes,detected
TWA, andtheadaptivethreshold.Bottom:meanST-T com-
plexesandTWA (left) andTWA waveformevolution(right)
of theepisodemarkedwith a dottedboxin thetop pannel.

4 Conclusions

A TWA detectorbasedon Complex Demodulationap-
proachhave beentestedwith Holter ECG signalscontai-
ning simulatedalternans.Theresultsof thesimulationin-
dicatedthatthedetector’sperformanceis suitablein ambu-
latory recordingsfor TWA amplitudeslargerthan50 � V.

The detector was applied to the European ST-T
Database,showing that half the TWA appearedduring
longer ischemicevents. The resultssuggestthat the pre-
senceandamplitudeof TWA during ischemiaareclearly
relatedwith theseverity of theischemia.
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